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Abstract. We studied the heliospheric evolution in one and
two dimensions of the interaction between two ejecta-like
disturbances beyond the critical point: a faster ejecta 2 over-
taking a previously launched slower ejecta 1. The study is
based on a hydrodynamic model using the ZEUS-3-D code.
This model can be applied to those cases where the inter-
action occurs far away from the Sun and there is no merg-
ing (magnetic reconnection) between the two ejecta. The
simulation shows that when the faster ejecta 2 overtakes
ejecta 1 there is an interchange of momentum between the
two ejecta, where the leading ejecta 1 accelerates and the
tracking ejecta 2 decelerates. Both ejecta tend to arrive at
1 AU having similar speeds, but with the front of ejecta 1
propagating faster than the front of ejecta 2. The momen-
tum is transferred from ejecta 2 to ejecta 1 when the shock
initially driven by ejecta 2 passes through ejecta 1. Even-
tually the two shock waves driven by the two ejecta merge
together into a single stronger shock. The 2-D simulation
shows that the evolution of the interaction can be very com-
plex and there are very different signatures of the same event
at different viewing angles; however, the transferring of mo-
mentum between the two ejecta follows the same physical
mechanism described above. These results are in qualita-
tive agreement with in-situ plasma observations of “multiple
magnetic clouds” detected at 1 AU.
Key words. Interplanetary physics (flare and stream dynam-
ics; interplanetary shocks; solar wind plasma)
1 Introduction
Coronal mass ejections (CMEs) are one of the most fasci-
nating and energetic manifestations of solar activity, where
a mass of about 1015−1016 g is propelled out with a speed
between 100−2000 km/s, resulting with a kinetic energy
around 1030−1031 ergs (Hundhausen, 1999). Gopalswamy
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et al. (2001, 2002) reported the interaction between two
CMEs close to the Sun: at the same time that the LASCO-
SOHO observations showed a fast CME overtaking a previ-
ously launched slow CME, there was a radio signature in the
form of an intense continuum-like radio emission following a
type II interplanetary burst. Burlaga et al. (2001) studied the
properties of fast ejecta detected at 1 AU by ACE spacecraft
during a period of increasing solar activity and found “com-
plex ejecta”. These events are characterized by having dis-
ordered magnetic fields, high proton temperatures and long
durations (about 3 days in ACE observations). They found
that some of the complex ejecta in their study could have
been produced by the interaction and merging of two or more
CMEs in the interplanetary medium and these CMEs can be
associated with a single source region. Recently, Odstrcil
et al. (2003) used a 2.5 MHD model to investigate the inter-
action between two flux ropes in a homogeneous magnetized
plasma. Their initial condition was one cloud and its shock
wave in motion and the other cloud was at rest. They found
that when the two clouds approached each other, their oppo-
site magnetic fields were pushed together driving a magnetic
reconnection (by numerical diffusion) and the two flux ropes
gradually coalescence into a single flux rope.
However, not necessarily all overtaking CMEs in the inter-
planetary medium involve magnetic reconnection and form
complex ejecta. Wang et al. (2003) reported three events
of “multiple magnetic clouds”, consisting of several mag-
netic clouds (MCs) separated by interacting regions. In these
events, there was not a merging of the MCs in the interplane-
tary medium, and the successive halo CMEs associated with
these clouds were not originated from a single source re-
gion. Figure 1 presents one of the events reported by Wang et
al. (2003) showing ACE plasma observations of 3 magnetic
clouds and 3 shock waves. Note that the interacting MCs are
separated by plasma sheet signatures.
Similar intervals of a few days of in-situ spacecraft ob-
servations with a high number of ejecta and interplane-
tary shocks (no necessarily complex ejecta) appear in the
literature. Some examples of these intervals are: the
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Fig. 1. Solar wind plasma observations of “multiple magnetic
clouds” reported by Wang et al. (2003). The interval shows the in-
teraction of three magnetic clouds and three interplanetary shock
waves (data taken from the ACE SWEPAM (http://swepam.lanl.
gov/).
August 1972 events detected by Pioneer 10 (Gonzalez-
Esparza and Smith, 1996), the April 1979 events detected by
Helios 2 (Berdichevsky et al., 2003), the March 1991 events
detected by Ulysses (Phillips et al., 1992; Gonzalez-Esparza
et al., 1996) and the April 2001 events detected by WIND
(Berdichevsky et al., 2003). During these intervals the in-
situ observations show a complex transferring of momentum
between several ejecta and interplanetary shocks.
The interaction of CMEs can occur very close to the Sun,
as those events reported by Gopalswamy et al. (2001) or at
further heliocentric distances even beyond 1 AU. The char-
acteristics of this interaction would depend on the physical
properties of the colliding CMEs (velocity, mass, magnetic
field configuration, size, time of ignition, etc.) and the am-
bient wind characteristics. The physics involved in CMEs
colliding and merging close to the Sun (Odstrcil et al., 2003;
Vandas and Odstrcil, 2004) is different than other cases,
where the interaction occurs at further heliocentric distances
and there is no magnetic reconnection (Fig. 1). This paper
studies the latter case, where the evolution is driven by the
dynamic pressure term of the large-scale disturbances and
the ambient wind.
Based on a simple hydrodynamic model we present nu-
merical simulations of the interaction between two ejecta-
like disturbances and their associated shocks in the interplan-
etary medium to illuminate some physical aspects of their
evolution in the inner heliosphere. The outline of the paper
is as follows. Section 2 shows the characteristics of the nu-
merical model and the initial conditions. Section 3 presents
a numerical simulation in one dimension (1-D) which shows
how the momentum is transferred from the trailing faster
ejecta to the leading slower ejecta and the merging of their
associated shocks into a stronger shock. This example shows
how the interaction between the two ejecta affects their dy-
namic properties (velocity, radial width and transit time) as
they propagate to 1 AU. Section 4 presents a simulation in
two dimensions (2-D) showing the importance and complex-
ity of the geometry in the interaction between the two ejecta.
This 2-D simulation shows how different observers of the
same event located at different heliographic longitudes de-
tect very different signatures. Finally, Sect. 5 presents our
conclusions.
2 Numerical simulations
We performed our study employing the numerical code
ZEUS-3-D (version 4.2). This code solves the system of
ideal MHD equations (non-resistive, non-viscous) by finite
differences on an Eulerian mesh (Stone and Norman, 1992).
In order to simplify the calculations we neglected all mag-
netic effects. Note here that beyond the critical point (18 so-
lar radii) the solar wind becomes highly supersonic and the
large-scale dynamics of the heliosphere is dominated by the
dynamic pressure term of the solar wind streams. For this
reason these simplified 1-D and 2-D hydrodynamic numer-
ical simulations of interplanetary disturbances have proved
to be very useful in understanding the basic physical aspects
of the injection and heliospheric evolution of these distur-
bances (Hundhausen and Gentry, 1969; Dryer, 1994; Gosling
and Riley, 1996; Riley et al., 1997, 2001; Gonzalez-Esparza
et al., 2003a,b). However, we should keep in mind that there
are fundamental issues that cannot be addressed by a hy-
drodynamic model. The model does not pretend to study
the initiation of CMEs at the solar surface, nor the evolu-
tion of the topology of a magnetic cloud in the interplane-
tary medium, nor the complex plasma signatures shown in
the in-situ measurements by spacecraft (e.g. alpha particles,
bidirectional suprathermal electrons, heavy ions, etc.). Fur-
thermore, the model cannot calculate the effects due to the
magnetic reconnection that presumably occurs during the in-
teraction and merging of some CMEs in the interplanetary
medium. Therefore, we used this simplified model to study
the interchange of momentum between large-scale interplan-
etary disturbances and solar wind streams driven basically
by their dynamic pressures and interplanetary shocks, which
play a predominant role in the large-scale dynamics of the
solar wind.
Following a technique similar to that of Gosling and Ri-
ley (1996), we produced the ambient solar wind by spec-
ifying the fluid speed, density and temperature at an in-
ner boundary located beyond the critical point (Ro=18 so-
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lar radii=0.083 AU), and then allowing the wind to evolve
and reach a stationary solution that mimics observed values
of the solar wind at 1 AU. After the ambient solar wind was
established, we injected a ejecta-like perturbation from the
inner boundary to simulate the propagation of an ejecta into
the interplanetary medium. These ejecta-like perturbations
are pulses with an initial velocity and small increments in
density and temperature, over a finite interval of time (τe).
We include the solar gravity and assume that the solar wind
is an ideal fluid with a ratio of specific heats, γ=1.5. All nu-
merical runs have an in-flow condition at the inner boundary
and an out-flow condition at the outer boundary (more de-
tails of these simulations can be found in Gonza´lez-Esparza
et al. (2003a,b)).
Table 1. Characteristics of the ambient solar wind. Initial condi-
tions at the inner boundary (Ro=0.083 AU) and stationary solutions
at 1 AU in one and two dimensions.
Ro 1.0 AU
1-D 2-D
N [cm−3] 990 6.4 6.1
T [105K] 4.5 0.49 0.48
V [km/s] 400 426 447
Table 1 shows the initial conditions at the inner boundary
to produce the ambient wind and the values of the station-
ary solution at 1 AU obtained by the 1-D and 2-D simula-
tions. Note that the stationary solutions for the ambient wind
had some small differences: the wind in the 1-D simulation
tended to be sightly denser, hotter and slower than the one
in the 2-D simulation. This discrepancy is because the 1-D
simulation had a computational grid of 2048 zones with a res-
olution of 6.43e−4 AU per zone; whereas the 2-D simulation
had a grid of 512×512 zones (spherical coordinates) with a
resolution of 2.57×10−3 AU per radial zone and 6.13×10−5
radians per longitudinal zone.
3 One-dimensional simulation
After reaching the stationary solution for the ambient wind
(Vsw=400 km/s) we injected during 5 h a slightly faster
ejecta 1 (Ve1=450 km/s) and, 15 h after this initiation, we in-
jected during 6 h a much faster ejecta 2 (Ve2=800 km/s). Ta-
ble 2 shows the characteristics of the two ejecta-like pulses.
These ejecta initial conditions are common values inferred
from analyzing SOHO-LASCO movies and, in general, they
are in good agreement with in-situ spacecraft measurements
at 1 AU (Gonzalez-Esparza et al., 2003b).
In this case, the pulses representing ejecta-like perturba-
tions had a initial square jump in velocity and, after half of
the pulse duration, the velocity gradually decreased using
a sinusoidal function toward the ambient wind value. This
gradual decrement of the ejecta tail velocity is an artifice for
diminishing the rarefaction region appearing at the back of
a square pulse which produces an excessively strong reverse
shock in the hydrodynamic simulation. From Table 2 we note
that the total mass of ejecta 2 was about 2.1 times higher than
the mass of ejecta 1, and the total kinetic energy of ejecta 2
was about 6.7 times higher than the energy in ejecta 1.
Figure 2 shows the heliocentric evolution of the two ejecta
and their associated shocks propagating in the solar wind at
three different times. Since the code has a numerical sub-
routine that tracks the leading and trailing edges of the two
ejecta-like pulses at every time step, the plots show the radial
extension of both ejecta as they propagate in the interplane-
tary medium. The plots at the left column in Fig. 2 shows
the event at 20 h after ejecta 1 initiation, where the front of
ejecta 1 is at Re1=0.30 AU whereas ejecta 2 (Re2=0.16 AU)
is still is being injected. Both ejecta are driving a forward
shock (s1 and s2) but clearly the front of ejecta 2 is much
faster than the front of ejecta 1 and s2 is stronger than s1.
At 40 h after ejecta 1 initiation, ejecta 2 (Re2=0.46 AU) is
very close to ejecta 1 (Re1=0.52 AU) and s2 is propagating
through ejecta 1. Note that as conforming s2 propagates, it is
compressing and transferring momentum to ejecta 1, and the
velocity of the tail of ejecta 1 is already of the same magni-
tude as the velocity of the front of ejecta 2. Finally, at 70 h
after ejecta 1 initiation, the front of ejecta 1 (Re1=0.91 AU) is
already propagating faster than ejecta 2 (Re2=0.88 AU), and
s2 has already crossed ejecta 1 and has overtaken s1. The two
forward shocks (s1 and s2) merge together into a stronger
single shock.
Figure 3 shows the time evolution of the velocities of
the front of ejecta 1 and ejecta 2 and the velocities of their
associated shocks (s1 and s2). At the top of Fig. 3 the
front of ejecta 1 propagates basically with a constant speed
(Ve1=441 km/s) until at about 46 h (Re1=0.58 AU), when it is
overtaken by s2 and suffers an abrupt acceleration, thereby
becoming faster (Ve1=591 km/s). The dotted curve in the
same plot shows the velocity evolution of ejecta 1 for the
case when there is no interaction with any other disturbance.
In this case, there is no strong variation during its evolu-
tion but a gradual velocity decrement toward the ambient
wind value due to the upstream wind dragging force. In the
middle panel of Fig. 3, the front of ejecta 2 follows a very
similar evolution as a single ejecta in the inner heliosphere:
after its injection (Ve2=800 km/s) it reaches an intermediate
speed (Ve2=630 km/s) with respect to the ambient wind and
propagates with this quasi-constant speed until it reaches a
critical point (Re2=0.40 AU, t=29 h) from which it begins to
decelerate. This critical point depends on the ejecta initial
conditions and the ambient wind characteristics (Gonzalez-
Esparza et al., 2003c). This plot shows that the velocity evo-
lution of ejecta 2 is not affected significantly by ejecta 1.
The plot at the bottom of Fig. 3 shows the velocity evolu-
tion of the two shock waves (s1 and s2) and their coalescing
at 62 h into a stronger shock. Before this coalescing, s1 prop-
agates with quasi-constant speed, whereas s2 is decelerating,
thereby suffering some velocity fluctuations produced by its
propagation against an upstream wind disturbed previously
by s1 and ejecta 1.
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Table 2. One-dimensional simulation. Characteristics of the ejecta-like pulses: Initial velocity (Ue), increment of density (1Ne=Ne/No)
and temperature (1Te=Te/To) with respect to the ambient wind at ro, temporal duration (τe), total mass (Me=∑ni=1 mp·N(ri)·dϑ(ri)) and
total kinetic energy
(
Ke=∑ni=1(1/2)Me(ri)·V 2(ri)).
Ve [km/s] 1Te 1Ne τe [h] Me[1016g] Ke[1031ergs]
ejecta 1 450 1.2 1.2 5.0 3.1 3.14
ejecta 2 800 1.2 1.2 6.0 6.6 21.1
0.1 0.2 0.3 0.4 1.1
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Fig. 2. Heliocentric evolution of two ejecta propagating in the solar wind at three different times after ejecta 1 initiation. The cases show the
location of the two ejecta (e1, e2) and the vertical lines their shock waves (s1, s2). The scales on the horizontal axes were modified for each
time to focus on the disturbances.
Figure 4 shows the evolution of the ejecta 1 radial width,
which is injected during five hours and afterward it follows a
gradual expansion until at about 32 h when it is compressed
by the passing of the shock wave (s2) driven by ejecta 2. The
dotted curve in the figure shows how ejecta 1 expands when
there is not interaction with s2. The compression of ejecta 1
begins when s2 crosses by its tail and ends when s2 passes by
its front, producing the abrupt acceleration shown at the top
panel of Fig. 3. Keep in mind that this compression is over-
estimated by the model due to the lack of magnetic pressure
into ejecta 1.
Figure 5 shows the evolution of the total kinetic energy of
each ejecta (Ke), i.e. the sum of the kinetic energy of the cells
covered by the ejecta. The top panel of Fig. 5 shows how
the passing during 14 h of s2 through ejecta 1 increases the
kinetic energy of the ejecta, showing clearly that the transfer-
ring of momentum between the two ejecta-like disturbances
is basically by the interaction with the shock wave (s2). As
it is shown in the same plot, if ejecta 1 is not compressed
by s2, its total kinetic energy remains practically constant.
At the bottom panel of Fig. 4, the kinetic energy of ejecta 2
decreases gradually with heliocentric distance (transferring
momentum to the ambient wind) and, as in Fig. 3, the evolu-
tion of ejecta 2 looks very similar to the case when there is
no interaction with any other disturbance.
Table 3 shows results at 1 AU of the 1-D simulation. For
comparison columns 4 and 5 show the results obtained by
the model when ejecta 1 and 2, respectively, propagate alone
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Fig. 3. Evolution of the velocities of the front of ejecta 1
(top), ejecta 2 (middle) and their associated shock waves (bottom).
Ejecta 2 is injected 15 h after ejecta 1 initiation. The dotted curve
in the top and middle plots show the evolution when there was no
interaction with any other ejecta.
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Fig. 4. Heliocentric evolution of the radial width of ejecta 1 (dis-
tance between its front and tail). The dotted curve shows the contin-
uous expansion when there is no interaction with other disturbance.
against the ambient wind without interacting with any other
disturbance. Although ejecta 1 was injected with a lower
speed than ejecta 2, columns 2 and 3 show that at 1 AU
their fronts arrived at 1 AU with similar speeds and more-
over the front of ejecta 1 was faster. Note that the results of
ejecta 2 were practically the same in columns 3 and 5, indi-
cating that the interaction with ejecta 1 did not greatly affect
0
1
2
3
4
5
6
7
8
not interacting
ejecta 1
ends
ejecta 1
injection
s2
leaves
ejecta 1
s2
enters into
ejecta 1
To
ta
l K
in
e
tic
 E
n
e
rg
y 
(10
31
e
rg
s)
ejecta 2
ejecta 1
 
 
0 10 20 30 40 50 60 70 80
0
2
4
6
8
10
12
14
16
not interacting
ejecta 2
ends
ejecta 2
injection
 time (h)
 
 
Fig. 5. Heliocentric evolution of the total ki-
netic energy of ejecta 1 (top) and ejecta 2 (bottom)(
Ke=(mp/2)·∑ni=1 V 2(ri)·N(ri)·dϑ(ri)). The dotted curve in
both plots shows the evolution when there was no interaction with
other disturbance.
Table 3. One-dimensional results at 1 AU: ejecta transit time from
ro (1t1AU ), ejecta front velocity (Ve) and radial width (Wre). (∗)
ejecta propagates without interacting with other disturbance.
ejecta1 ejecta2 ejecta1∗ ejecta2∗
1t1AU [h] 76.6 64.7 85.6∗ 65.5∗
Ve [km/s] 547 522 432∗ 525∗
Wre [AU] .016 .232 .077∗ .223∗
its propagation (the normalized differences between the two
columns are less than 0.5%). However, the results of ejecta 1
in columns 2 and 4 were very different: due to the interac-
tion with the shock wave driven by ejecta 2, ejecta 1 arrived
at 1 AU compressed (with an approximate 79% smaller ra-
dial width) and with a much faster front speed (about 27%
higher) and shorter transit time (about 10.5% less). These
results agree with those by Vandas et al. (1997), where they
studied the interaction of a shock wave overtaking a mag-
netic cloud (MC) using a MHD model. They found that the
passing of the shock through the MC produces an increment
in the MC’s field magnitude and the ejecta is compressed and
accelerated in the radial direction. This simulation explains
why in three events reported by Wang et al. (2003) (Fig. 1),
the front speed is faster in MC1 than in MC2, and the radial
width is larger in MC2 than in MC1.
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Table 4. Two-dimensional simulation. Characteristics of the ejecta-like pulses: initial velocity, increment of density and temperature,
temporal duration, total mass and total kinetic energy as defined in Table 2.
Ue [km/s] 1Te 1Ne τe [h] Me[1016g] Ke[1031ergs]
ejecta 1 600 1.2 1.2 4.0 0.51 0.92
ejecta 2 1600 1.2 1.2 4.0 2.86 36.6
Table 5. Results in 2-D at the five radial cuts (a−e) at 57 h after
ejecta 1 initiation (Fig. 7): ejecta heliocentric distance (Re), ejecta
front velocity (Ve) and ejecta radial width (Wre).
ejecta 1 ejecta 2
e d c c b a
Re [AU] 0.79 0.95 1.08 1.04 1.02 0.97
Ve [km/s] 482 672 792 775 758 700
Wre [AU] 0.07 0.04 0.01 0.47 0.45 0.45
4 Two-dimensional simulation
The dynamics in the interplanetary medium of a shock
wave and its driver has important 2-D and 3-D effects such
as: there are tangential fluxes, the ejecta evolves toward a
“pancake-like” shape (having larger longitudinal and latitu-
dinal extents than the radial one), the shock has a larger an-
gular range than its ejecta driver, the shock strength varies
along the shock front, the shock-ejecta separation is differ-
ent at the shock wings than at the shock nose, etc. (Odstrcil
and Pizzo, 1999; Odstrcil, 2003). Therefore, the 1-D results
shown in the previous section are limited to a simplified case
where the observer is located at the passing of the nose of the
IP shocks and the two ejecta coming afterward. In this sec-
tion we present a numerical simulation in two dimensions to
study some of these effects in the transferring of momentum
between the two ejecta.
Table 4 shows the characteristics of the two ejecta-like
pulses in the 2-D simulation. In this case the speed difference
between the two ejecta is larger than in the previous section.
Ejecta 1 was injected during 4 h at an angle of 51◦ with re-
spect to the horizontal axis and having an angular extent of
about 56◦. At 15 h after this initiation, ejecta 2 was injected
during 4 h at an angle of 91◦ with an angular extent of 70◦.
The total mass of ejecta 2 was about 5.6 times higher than the
mass of ejecta 1, and the total kinetic energy of ejecta 2 was
about 39.6 times higher than the energy of ejecta 1. Ejecta 2
was wider, massive and faster than ejecta 1.
Figures 6, 7 and 8 present snapshots of density contours
(in color in the online version) showing the evolution of the
simulation in 2-D at three different times. Denoted by char-
acteristic curves over the contours we show the surfaces of
the two ejecta (dotted lines) and the shock front (solid line).
Associated with every snapshot there are five plots (a,b,c,d,e)
with radial cuts at different angles: (a) is at the left wing of
ejecta 2, (b) is at the center of ejecta 2, (c) is at the center of
the interaction between ejecta 1 and ejecta 2, (d) is at the cen-
ter of ejecta 1, and finally (e) is at the right wing of ejecta 1.
In each plot we show the location of the ejecta (solid cases)
and their shock waves (solid lines).
Figure 6 shows the simulation at 19 h after ejecta 1 ini-
tiation, where the front of ejecta 1 is propagating at about
R=0.33 AU driving a shock wave (s1) and ejecta 2 has just
been injected driving a stronger shock (s2). The five plots
(a-e) show different features. In Figs. 6a,b there are only sig-
natures of ejecta 2 and s2. In Fig. 6e only ejecta 1 and s1 are
present. In Fig. 6d s2 propagates (without ejecta 2) behind
ejecta 1, and in Fig. 6c the two ejecta propagate with their
associated shocks (s1, s2).
Figure 7 shows the moment when ejecta 2 is overtaking
ejecta 1 along the angular extent where they intersect at 29 h
after ejecta 1 initiation. Here the effects of the tangential
fluxes are important and the two ejecta become wider in their
angular extents as they propagate outward. In Figs. 7a,b
again there are only signatures of ejecta 2 and s2, but now
these are different: the distance between the front of ejecta 2
and s2 is larger in Fig. 7b than in Fig. 7a, and the front of
ejecta 2 propagates faster in Fig. 7b than in Fig. 7a. The
plot 7c looks similar to the middle column of Fig. 2, where
the two ejecta come very close to each other and s2 has al-
ready crossed through ejecta 1, compressing and accelerating
the latter. In Fig. 7d, s2 is still propagating through ejecta 1
transferring momentum to ejecta 1, but there are no signa-
tures of ejecta 2. Note that the trailing shock (s2) crosses
ejecta 1 at different times at the different radial cuts, depend-
ing on the geometry and the characteristics of the event.
Figure 8 shows the event at 57 h after ejecta 1 initiation,
at this time ejecta 2 is reaching 1 AU, whereas the right wing
of ejecta 1 is still propagating in the inner heliosphere. In
Figs. 8a,b the signatures of ejecta 2 and s2 present more dif-
ferences: s2 is faster in Fig. 8b than in Fig. 8a, there is a
strong reverse shock in Fig. 8b which does not appear in
Fig. 8a, and the distance between the front of ejecta 2 and
s2 is larger in Fig. 8b than in Fig. 8a. In Figs. 7c,d the two
shocks had merged together and ejecta 1 is already propagat-
ing faster than the front of ejecta 2.
Table 5 summarizes some results of the two ejecta at the
time of Fig. 8 along the five radial cuts (a−e). The two
ejecta have different characteristics in each longitude. At
(e) the front of the right wing of ejecta 1 is still propagating
in the inner heliosphere (R=0.79 AU) with a speed of about
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Fig. 6. Two-dimensional simulation. Snapshot of density logarithmic contours showing the evolution of the two ejecta at 19 h after ejecta 1
initiation. The five plots (a,b, c,d, e) show radial cuts of solar wind parameters at different angles denoting the ejecta (solid cases) and their
shock waves (dotted lines).
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Fig. 7. Two-dimensional simulation. Snapshot of density logarithmic contours showing the evolution of the two ejecta at 29 h after ejecta 1
initiation. Same format as the previous figure.
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Fig. 8. Two-dimensional simulation. Snapshot of density logarithmic contours showing the evolution of the two ejecta at 57 h after ejecta 1
initiation. Same format as the previous figure.
V=482 km/s. At (c) ejecta 1 (R=1.08 AU) is already com-
pressed and propagating faster than ejecta 2 (R=1.04 AU),
and at (a) the left wing of ejecta 2 (R=0.97 AU) has a speed
of about V=700 km/s.
The simulation shows that the evolution is more complex
in two dimensions. Depending on the event characteristics
at some angles there can be signatures only of a shock wave,
or a shock and its ejecta, or an ejecta and two shocks, or
two ejecta and two shocks, as has been shown in other sim-
ulations (Dryer, 1994; Riley et al., 1997; Odstrcil and Pizzo,
1999; Odstrcil, 2003). However, we found again that along
the angular extension where both ejecta interact, eventually
the initially slower ejecta 1 is compressed and its front be-
comes faster than the front of ejecta 2. The transferring of
momentum between the two ejecta is mainly by the passing
of the shock wave driven initially by ejecta 2 (s2) through
ejecta 1. Note that this is also the case along the radial cut
(d) in Figs. 6–8, where although there are no signatures of
ejecta 2 driving s2 (the shock has always larger angular range
than its driver), s2 compresses and accelerates ejecta 1.
5 Conclusions
The interaction between several shocks and ejecta in the
interplanetary medium is a complex problem that has im-
portant implications for the propagation of large-scale solar
wind disturbances and acceleration of solar energetic parti-
cles (SEPs) in the inner heliosphere (Vandas and Odstrcil,
2004). This interaction can occur on different scenarios de-
pending on the characteristics of each event and not necessar-
ily all the interacting CMEs merge and form complex ejecta.
We performed two numerical exercises to study the interac-
tion of two ejecta-like pulses beyond the critical point using a
hydrodynamic model. As pointed out by Cargill and Schmidt
(2002), hydrodynamic and MHD simulations of ejecta prop-
agating in the interplanetary medium show similar evolutions
of plasma structures, so we can apply a hydrodynamic model
in those cases where the magnetic field effects are not dom-
inant (e.g. there is no magnetic reconnection). The simu-
lations show the transferal of momentum from ejecta 2 to
ejecta 1. This momentum is transferred by the shock wave
(s2) driven by the ejecta 2 which compresses and accelerates
ejecta 1. Although the two ejecta were launched with dis-
parate velocities, in the end they tend to arrive at 1 AU hav-
ing similar speeds and the front of ejecta 1 ends propagating
slightly faster than the front of ejecta 2. These results for the
ejecta velocities and radial widths are in agreement with the
plasma signatures of interacting MCs at 1 AU (Wang et al.,
2003). Eventually, the two interplanetary shock waves driven
by the two ejecta merge together into a single stronger shock.
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